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Abstract 
The kinetic adsorption–desorption behaviour of porcine gastric mucin in the presence of 
physiologically relevant concentrations of the polyphenol epigallocatechin gallate (EGCG) was 
investigated using high-resolution kinetic optical waveguide lightmode spectroscopy (OWLS) and 
atomic force microscopy (AFM). Comparison with dynamic light scattering results from EGCG–
mucin mixtures indicates that discrete particles are formed whose size increases with increasing 
EGCG:mucin ratio. These particles are deduced to be the adsorbing entities, which fuse on the surface 
to form complex surface layers. At low molar EGCG:mucin ratios (< 1000), aggregates fuse on the 
surface to form a monolayer similar to one of pure mucin. With increasing EGCG concentration, the 
surface assembly of aggregates becomes consistent with their rearrangement and spreading in the 
shape of a spherical segment. At the highest molar ratios investigated (> 12 000) the particles begin to 
destabilize. The presence of EGCG leads to birefringence hysteresis during adsorption–desorption, 
indicating structural rearrangement, even at molar ratios 1000. The intensification of the 
phenomenon with increasing EGCG:mucin ratio mimics what was previously observed with the 
increase of mucin concentration in an EGCG-free system. 
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1 Introduction 
Plant polyphenols, a class of aromatic molecules ubiquitously found in plants, may confer 
significant health benefits by acting as anti-oxidants, fungicides, and insecticides. In the past, the 
health benefits have been attributed to the ability of polyphenols and their metabolites to scavenge 
free radicals. Although such effects are prominent when tested in model systems, the complex 
interactions of polyphenols with dietary components and digestive systems result in very low levels of 
bioavailable polyphenol, giving rise to small, even physiologically insignificant effects from such 
scavenging, unless administered in extremely high doses. More recent data suggest that polyphenols 
are a unique class of substrates for colonic microflora [1, 2]. Bioavailability of dietary polyphenols 
may not be a universal predictor of their physiological efficacy; other factors such as polyphenol 
ability to bind both mucins (which line the GIT) and dietary polysaccharides may play dominant 
roles. In addition, polyphenols are known to influence the physicochemical state of several common 
dietary components such as dairy proteins including caseins [3]. They are also implicated in the 
perception of astringency [4-12], a complex mouthfeel effect, which has marked effects on the 
perception of foods and beverages [13]. 
The interaction of polyphenols with saliva in the oral cavity is thought to be dominated by proline-
rich proteins (PRPs) [14-19], with salivary mucins most likely playing a secondary role [5, 20, 21]. A 
radically different picture of polyphenol behaviour emerges in the gastrointestinal tract, where mucins 
are the dominant component of mucus. The interaction of polyphenols with intestinal mucins is poorly 
understood, in particular how complexation with mucin effects polyphenol oxidation and enzymatic 
transformation by commensal flora [22].  
Amongst different classes of polyphenols known to interact with mucins, gallated epicatechins are 
prominent; they are present in high quantities in green tea. Epigallocatechin gallate (EGCG) is known 
to induce gelation of MUC5AC and MUC2 gastrointestinal mucins [23]. Previously it was shown that 
EGCG impacts rheology [24], lubrication [7] and interfacial elasticity [5, 25] of mucin. However 
these studies of physical characterisation were mainly performed using saliva rather than 
gastrointestinal mucus. Little is known about the adsorption of mucin-polyphenol complexes on solid 
substrates. This would mimic their deposition on epithelial surfaces and deposition onto food particles 
such as starch granules and fragments of plant cell wall, which in turn can affect digestion of nutrients 
and their interaction with the resident microbiota. 
This work investigates the nanoscale mechanisms of how EGCG–mucin complexes interact with 
substrates, in particular how EGCG affects mucin’s ability to form thin surface films. It has 
previously been shown that when non-gelling gastric mucin is mixed with EGCG, the mucin forms 
distinct aggregates [26]. In this work, we examine film formation at the molecular scale, using kinetic 
optical waveguide lightmode spectroscopy (OWLS) [27], enabling direct measurements of interaction 
and transformation of aggregates at the surface. The natural state of mucin is a thin film resting upon a 
solid support such as the epithelium; we have previously studied the assembly of such films from 
mucin solutions [28], thereby mimicking possible ways mucin can be incorporated into the mucosae. 
Here we probe the attachment of EGCG–mucin complexes and aggregates on solid oxide surfaces and 
compare the results with the previously obtained adsorption data of pure mucin. These experiments, 
which yield the kinetics of structural evolution, show that discrete particles are formed whose size 
increases with EGCG:mucin ratio. EGCG gives rise to a large adsorption–desorption hysteresis, 
reflecting the structurally complicated processes of surface aggregate rearrangement. A complete set 
of data acquired through the use of different techniques is key to enable analysis of the rather complex 
but characteristic phenomenology of the system, with the aim of elucidating the mechanisms of 
adsorption of EGCG–mucin complexes and their surface rearrangement. 
 
2 Experimental 
2.1 Mucin and EGCG 
Pharmaceutical grade porcine gastric mucin with a molecular weight of 546 kDa [29, 30] was 
purchased from A/S Orthana Kemisk Fabrik (Kastrup, Denmark), extensively dialysed to remove all 
low molecular weight additives, including salts, and then lyophilized for storage. The refractive index 
increment  at 633 nm in pure water at 25 ◦C was determined using a Rudolph J357 refractometer as 
0.140 ± 0.002 cm3/g, in agreement with previous results [31]. 
Teavigo (97% pure EGCG) was purchased from DSM (Switzerland) and stored under nitrogen. 
The molecular weight is 458 Da and  was determined under the same conditions as the mucin to be 
0.16 ± 0.01 cm3/g.  
Solutions of these materials were made by dissolving weighed portions in Barnstead or Elga 
ultrapure water (resistance > 18 M cm) filtered through 200 nm pores. EGCG–mucin mixtures were 
prepared by blending the freshly dissolved components together using gentle manual agitation. We 
investigated a range of mucin concentrations targeting the typical concentration expected in a green 
tea. It does not appear to have been investigated systematically but various papers (e.g., ref. [32]) give 
clues, from which we infer around 0.2% w/w as representative. 
 
2.2 Waveguiding substrata and OWLS 
A solid solution of silica and titania in the ratio 2:1 was selected as being chemically and optically 
appropriate [33]. Pyrolysed sol-gel waveguides (surface roughness < 1 nm) [34] incorporating a 
shallow (depth 5–10 nm) embossed grating coupler (grating constant  = 416.67 nm) were obtained 
from MicroVacuum, Budapest (type 2400). 
The waveguides were assembled into a cylindrical flow-through cuvette of hemispherical cross-
section so as to form the floor of the cuvette [35]. Throughout the procedures described in §2.3 the 
incoupling angles (from which the effective refractive indices N were immediately calculated [36, 
37]) were recorded at least every 30 s for the zeroth transverse magnetic (TM) and transverse electric 
(TE) modes using an OWLS 110 instrument (MicroVacuum). 
Knowledge of NTE and NTM enable the refractive index nA and thickness dA of any adsorbed 
adlayer A to be immediately calculated by solving the four-layer mode equations [36, 38]. If  of the 
adlayer constituent is known, the adsorbed mass M can be calculated according to [39]: 
𝑀 = 𝑑A (𝑛A − 𝑛C) ⁄                                                                  (1) 
where nC is the refractive index of the supporting medium, equal to 𝑛water + ∑ 𝑖𝑐𝑖𝑖  [40], where i 
and ci are, respectively, the refractive index increment and bulk concentration of the ith component. 
 
2.3 Adsorption–desorption experiments 
Initially pure water flowed through the cuvette until a stable baseline had been established 
(typically a few minutes). Solutions were impelled by custom-built high precision syringe pumps. The 
flow rate was 8 μL/s in all experiments, high enough to ensure the absence of transport-limited effects 
[35, 41]. Flow was then switched to the freshly made EGCG–mucin mixtures in solution at various 
EGCG:mucin ratios. After a fixed time had elapsed—long enough for the pure mucin adsorption to 
have approached saturation—flow was switched back to pure water until little further change could be 
observed. All solutions were maintained at 23.5 ± 0.2 C. 
 
 
2.4 Dynamic light scattering experiments 
To elaborate the size of aggregates in the bulk solution, a set of dynamic autocorrelation functions 
over a range of scattering angles (30–120) was recorded for mucin/EGCG mixtures at various EGCG 
concentrations. The measurements were performed using a PCS 4700 goniometer system (Malvern 
Instruments, UK) with dedicated software. The laser wavelength was 488 nm; the power of the laser 
was adjusted to 20.4 mW to ensure consistent incident beam intensity without overheating the sample. 
Initial measurements were performed for 10 scattering angles between 30 and 120. When the clear 
linear dependence of the relaxation rate () plotted against square root of the scattering vector (q2) 
was established, four representative scattering angles were selected (namely 30°, 60°, 90° and 120°).  
Mucin solutions were filtered through hydrophilic syringe filters (Minisart, Sartorius AG, 
Germany) with a pore size of 0.2 m through a closed cup, avoiding dust contamination. The 
temperature for all experiments was 25 °C. In a typical experiment, the freshly prepared EGCG 
solution (cooled down to 25 °C) was mixed with mucin solution, and the mixture injected into NMR 
tubes without filtering. All measurements were performed within 10-15 minutes, to avoid any 
degradation/oxidation of EGCG. 
 
2.5 Atomic force microscopy 
Images were obtained in the intermittent contact (AC) mode using an MFP-3D-IO instrument 
(Asylum Research, California) and CSC37 silicon tips (Micromash, Estonia, single beam shaped, 
resonant frequency 20 ± 10 kHz, spring constant ∼ 0.3 N/m). Substrata were freshly cleaved mica. 
The samples were prepared by dropping the EGCG–mucin mixture onto the substratum, leaving it for 
10–15 min and then drying using a jet of nitrogen. They were then re-immersed in 10 mM aqueous 
NaCl for imaging.  
To extract the effective radius of adsorbed aggregates (RAFM) and assess the broadness of size 
distribution, a quantitative analysis of the AFM images was performed using simple threshold 
discrimination of ‘blob’ features with subsequent frequency count within equal bands of logarithm of 
sizes. The algorithm was implemented through DIPimage toolbox for MATLAB [42] 
 
3 Results 
Figure 1 shows representative adsorption–desorption results for the different EGCG:mucin ratios. 
Under all investigated conditions, the adsorption tends to reach a maximum. A striking feature is that 
the plateau of adsorbed mass M dramatically increases with increasing EGCG:mucin ratio. Upon 
dilution of the system with water, most of the “additional” mass is swiftly desorbed, but even after 
long desorption times the mass remaining is EGCG-dependent, except at the highest ratio, where the 
adsorbed layer appears to be unstable: it is removed much more rapidly than at lower ratios. The 
maximum adsorbed amounts (Mmax) in the presence of adsorbate and the quasi-stationary residual 
levels (M) after dilution-induced desorption are given in Table 1. 
 
 
 
Complementary structural information was obtained through atomic force microscopy of the 
adsorbed layers in the presence of EGCG–mucin (i.e., corresponding to the adsorbed maxima in 
Figure 1). Figure 2A shows the AFM images for pure mucin and mucin mixed with EGCG. They 
illustrate the striking growth in aggregate size as the ratio of EGCG to mucin increases. The breadth 
of the distribution was observed to increase with EGCG concentration.  
The quantitative analysis is presented in a series of histograms in Figures 2B. For the pure mucin 
sample and that containing the lowest concentration of EGCG (0.01 % w/w/) the distribution of sizes 
follows a Gaussian distribution in log(RAFM) coordinates. With increase of EGCG concentration the 
distribution becomes broader, and exhibits a transition to a bimodal distribution. At the highest EGCG 
concentrations the distribution is non-Gaussian. In Figure 3B the average radius inferred from the 
AFM images is plotted against EGCG concentration; the size of the error bar reflects broadening of 
the size distribution. We note, that within a broad distribution of aggregate sizes observed in the 
surface films formed in higher polyphenols concentration,   one can  readily discriminate a sub-
population of smaller aggregates with R  40-60 nm. Coincidently, surface features of similar size can 
also be observed in the surface films formed in pure mucin, which we suggest may be related to single 
molecules of mucin adsorbing as a 2nd layer  
The representative dynamic light scattering (DLS) autocorrelation functions recorded at 90° angle 
and the corresponding size distribution plots (CONTIN [43]) are presented in Figure 3A. The total 
scattering intensity was found to increase with increasing EGCG concentration, reflecting the 
increased size of EGCG–mucin aggregates.  
 
 
 
 
 
 
 
Two major features should be noted: 
- Scattering intensity and characteristic decay time correlate nonlinearly with EGCG 
concentration. The transition-like behaviour occurs for EGCG levels between 0.05% and 0.1% 
w/w. Below 0.05% w/w and above 0.1% w/w EGCG, concentration has little effect on either 
characteristic decay time or scattering intensity. 
- The character of size/characteristic decay time distribution exhibits a transition from 
monomodal, in the range of [EGCG] = 0 – 0.05% w/w, to bimodal, for (EGCG) > 0.05% w/w. The 
most pronounced bimodal distribution occurrs in the concentration range between 0.05 and 0.25% 
w/w. With further increase in EGCG concentration the distribution recovers a monomodal 
characteristic (Figure 3B).  
For the 0.05% w/w concentration both monomodal and bimodal solutions of the inverse Laplace 
transformation have the same quality index, and are therefore equally valid. Both solutions were used 
to extract the respective hydrodynamic radii for this particular point. 
 
4 Discussion 
4.1 Analysis of EGCG–mucin aggregation 
Firstly, we note that molar EGCG:mucin ratio ≫ 1, hence it is assumed that binding of EGCG 
occurs through a broad range of sites with no particular distinction with respect to their specificity. 
Previously, it has been reported that EGCG shows enhanced binding to the proline-proline-arginine 
(PPR) peptide motif [44, 45]. Since there are only a few PPR/RPP sequences found in mucin [46], the 
observed behaviour must be attributed to predominantly non-specific binding. The validity of this 
assumption is supported by conclusions from Davies et al. [20] and Georgiades et al. [23], where clear 
evidence for crosslinking of mucins by EGCG via a less specific range of amino acids is reported. 
Davies et al. [20] also established that glycosylated domains do not aggregate with EGCG, and 
interaction occurs nearly exclusively within the C- and N-termini of the mucin molecule.  
The measured hydrodynamic radius for pure mucin and EGCG–mucin mixtures at EGCG 
concentrations < 0.05% w/w (Figure 3B) is in agreement with previous reports that attribute it to the 
dynamics of a mucin molecule in a dumbbell conformation [29]. With increasing EGCG 
concentration, a more complex profile of DLS relaxation time emerges that can be interpreted as a 
bimodal distribution, where the fast mode corresponds to the dynamics of non-aggregated mucin 
molecules, while the slow mode is associated with the formation of aggregates. The dynamic 
behaviour in solutions with the highest EGCG concentrations is dominated by the aggregates. In this 
paper, we shall use the term “aggregate” to denote any type of supramolecular assembly 
The observed bulk aggregation behaviour shares similarity with the “three stage binding model” 
previously proposed by Jöbstl et al. [3], elaborated through studying EGCG–casein complexes. The 
main similarity stems from the fact that EGCG binding to mucin promotes the association of 
polyphenol–glycoprotein complexes resulting in the formation of aggregates. However, several 
features make aggregation behaviour in the EGCG–mucin system different from that in EGCG–casein 
one. Firstly, the addition of a molar excess of EGCG < 0.5% w/w does not significantly change the 
hydrodynamic radius of EGCG–mucin complexes. This suggests that binding of EGCG elicits only a 
small change in the overall conformation of mucin. This can be understood, because EGCG, 
according to Davis et al. [20], does not interact with mucin’s glycans, which constitute the largest 
portion of the mucin molecule in terms of mass as well as hydrodynamic size. It is plausible to assume 
that conformational changes at the C- and N-termini do occur, as (multidentate) polyphenol molecules 
bind to these largely non-glycosylated fragments of the mucin molecule. These changes must have 
crucial significance for promoting association of EGCG–mucin into aggregates, yet their effect on the 
overall hydrodynamic size of EGCG–mucin complexes may be small, thus rendering them hard to 
detect in the DLS experiments. Secondly, the increase in aggregate size occurs within a narrow range 
of EGCG concentrations, giving this the appearance of a critical transition. In addition, the radius of 
scattering particles reaches a plateau at  210 – 250 nm rather than increasing monotonously with 
increasing the EGCG concentration. On a macroscopic level, the absence of aggregate growth 
manifests itself in the absence of flocculation observable in EGCG–mucin systems. This indicates that 
mechanisms postulated by Jöbstl et al. for EGCG–casein systems, where aggregates grow via 
aggregate-aggregate association, may not be applicable for EGCG–mucin. Finally, even at 
appreciably high EGCG concentration when the aggregates are already large (200nm) we still can 
observe smaller particles, which is consistent with the presence of non-aggregated EGCG–mucin 
complexes.  
From the isothermal titration calorimetry data on EGCG–mucin systems it is known that the 
interaction of EGCG with mucin is characterised by weak binding [47]. These weak interactions may 
be insufficient to drive significant solidification during the aggregation of EGCG–mucin complexes, 
which otherwise would result in the loss of water. Instead, the EGCG–mucin aggregates may retain 
their hydration, making them behave as fluid-like droplets. If so, they will be subject to two 
competing processes: Ostwald ripening and thermal break-up. Within this proposed scenario, the 
ripening is responsible for the small and intermediate-sized aggregates being absorbed by the larger 
aggregates, resulting in a rapid escalation of the average size to that of the plateau (maximum). The 
thermal break-up, meanwhile, controls the upper limit of the aggregate size. The postulated dynamic 
growth/break-up mechanism of fluid-like aggregates also reconciles the fact that the larger aggregates 
co-exist with the non-aggregated EGCG–mucin molecular complexes. 
We note that other factors influencing aggregate formation may be considered, especially at 
highest EGCG concentrations, where competition between EGCG–mucin binding and EGCG self-
association due to ─ stacking [48] may inhibit further growth of EGCG–mucin aggregates. 
 
4.2 Corroboration of the adsorption mechanism 
From looking at the adsorption kinetic curves shown in Figure 1, we note that the aggregation 
transition coincides with the change in the adsorption pattern. To elaborate further, we base our 
analysis on the fundamental kinetic equation for adsorption at the solid/liquid interface [49, 50], 
which is: 
𝑑𝑀
𝑑𝑡
= 𝑘a𝑐
∗(𝑀, 𝑎)                                                                  (2) 
where ka is the adsorption rate coefficient, which primarily depends on the (positive) energy barrier 
between adsorbate and absorbent that exists at intermediate separations. We note that at short 
adsorbate–adsorbent separation distances net negative interaction energy is assumed, thus enabling 
adsorption to occur; conversely at large separations the interaction is assumed negligible. The 
concentration in the vicinity of the surface, c∗ (cf. [35]), is approximately equal to the bulk 
concentration of the adsorbing objects (cb), which can be assumed to be equal to cb(mucin) for the case 
of low EGCG content where additional material coming from the bound EGCG can be ignored (one 
mucin molecule is ca. 1200-fold heavier than EGCG). Alternatively, one can consider that cb = 
cb(mucin+EGCG), as a limiting approximation for all EGCG being mucin-bound. The real concentration is 
most likely somewhere in between, and likely to depend on EGCG content. The available area 
function, , depends not only on M but also on the area a occupied by each adsorbing entity. Previous 
investigations showed that the adsorption kinetics of pure mucin (i.e., in the absence of EGCG) were 
consistent with random sequential adsorption (RSA) [31] and the EGCG–mucin complexes do not 
appear to be qualitatively different in this regard. The form of  appropriate to RSA of disks and 
spheres was used (equation 42 in ref. [51]). The parameters 𝑘a𝑐
∗ and 𝑚 𝑎⁄  , where m is the mass of an 
adsorbing objects (for a mucin molecule, m  900 zg), were obtained by numerically fitting the 
integrated form of equation (2) to the data and they are gathered in Table 2. The value of the jamming 
limit 𝜃𝐽 was set to 0.547, appropriate for RSA of spheres subtending discs at the surface [51] or 
spherocylinders subtending ellipses [52].  
 
The trend in the ka values clearly shows that the energetic component of adsorption is changing 
with EGCG concentration. Even if the alternative normalisation approach using cb(mucin + EGCG) is 
adopted, the trend for the ka growth, albeit more gradual, is still clearly pronounced. For the values of 
m/a, we too observe a marked increase upon addition of EGCG, possibly suggesting the formation of 
thicker films. Indeed, assuming that the adsorbing objects are spheroids turned into disks of area A 
and thickness h, the ratio m/a is necessarily given by 
𝑚
𝑎
=
𝐴∙ℎ∙𝜌
𝐴
= ℎ𝜌                                                                  (3) 
where  is the protein density assumed to be 1.41 g/cm3 [53]. The thicknesses calculated from the 
adsorption kinetic data (m/a from Table 2) and equation (3) are given in Table 3.  
 
The assumptions made when using equation (3) may require further justification. Firstly, the 
careful evaluation of Fischer et al. demonstrates a robustly uniform (i.e., no further dependence on 
molecular weight) protein density of 1.41 g/cm3 for proteins with a molecular weight greater than 
about 100 kDa [53]. Albeit our mucin has a molecular weight much greater than this, it is a 
glycoprotein with an extended structure, differing form a compact globule of a non-glycosylated 
protein. On the other hand compaction (which would lead to a higher density) was proposed by Jöbstl 
et al. [3] as a consequence of the interaction of mucin with EGCG, which may offset the effect of 
glycosylation. Therefore  = 1.41 g/cm2 can be reasonably assumed. Secondly, as mentioned above 
the porcine gastric mucin has a dumbbell coil-like structure comprising two quasi-globular parts 
separated by a heavily glycosylated connecting chain [29]. The assumption of spheroidicity may not, 
therefore, be well justified for pure mucin, but the clusters will almost inevitably tend towards 
increasing spheroidicity with the density of EGCG mediated cross-links [54]. 
The analyses of the adsorption data shows that the adsorbed mass per unit area, m/a, (Table 2) as 
well as the film thickness (Table 3) calculated for pure mucin is significantly different compared to 
the EGCG–mucin complexes, which in itself is strong evidence for a qualitatively different character 
of the adsorbing entities in the presence of EGCG compared with pure mucin. On the other hand, the 
thickness of the adsorbed film ( 5 – 10 nm) inferred from the OWLS kinetics as well as AFM 
imaging data is at odds with the size of the aggregates inferred from the DLS data (ca. 200 nm). This 
excludes the possibility of identifying the adsorbed species as intact EGCG–mucin aggregates (such a 
scenario would be expected for water-depleted assemblies such as those formed in EGCG–casein 
systems). 
Provisionally, accepting the model where molecular complexes co-exist with fluid-like aggregates, 
we propose that abundant non-aggregated EGCG–mucin complexes dominate the adsorption 
behaviour at low EGCG concentration, while at high EGCG concentrations the fluid-like EGCG–
mucin aggregates adsorb by spreading and/or fusing at the surface. The sub-micrometre fluid-like 
EGCG–mucin aggregates essentially lose their integrity as discrete particles during the adsorption 
process, and hence the surface layer for all EGCG concentrations is dominated by the EGCG–mucin 
molecular complexes regardless of the adsorption mechanism. The observed plateau at the adsorption 
maximum (Figure 1), which marks the formation of a monolayer, further agrees with the suggested 
mechanism. 
The justification of the proposed mechanism at low EGCG concentration is rather clear; the 
EGCG–mucin molecular complexes diffuse much faster compared to the larger aggregates, which can 
be reasonably illustrated by the absence of aggregates in the surface films at low EGCG concentration 
as shown by AFM imaging (Figure 2A, top row). The presence of the aggregated structures becomes 
evident and even dominant at higher EGCG concentrations. As shown by AFM images (Figure 2A, 
bottom row), the spatial distribution of aggregated structures is random, which indirectly supports the 
RSA mechanism; the data point to a 10-fold difference between the height and in-plane radius of 
surface-bound aggregates (they adopt the shape of a spherical dome or segment). The area of the 
aggregates is consistent with the bulk dynamic light scattering (DLS) data, while the height of ca. 10 
nm is comparable to the one evaluated from the OWLS data, well in agreement with the hypothesis of 
surface spreading.  
 
4.3 Interpretation of the desorption kinetics 
The presence of a monolayer dominated by the EGCG–mucin molecular complexes can be further 
corroborated by analysing the desorption rate coefficients, kd. Pure mucin has been found to desorb 
with two-phase stretched exponential kinetics [55]: 
𝑀 = 𝑀0 {𝑓1𝑒
−(
𝑘d1
𝑡⁄ )
𝛽1
+ 𝑓2𝑒
−(
𝑘d2
𝑡⁄ )
𝛽2
}                                                     (4) 
where the f are the fractions of the two phases, M0 is the amount of adsorbate just before desorption 
starts, and the 0 ≤ 𝛽 ≤ 1 are the characteristic exponents. A convenient way to subsume the two 
parameters, kd and , of Kohlrausch decay is to calculate the average relaxation time ?̅?  [56]: 
?̅? =
1
𝛽
(1 𝛽⁄ )
𝑘d
                                                                              (5) 
The parameters were found by fitting. The initial phase of ultrafast desorption is not well 
characterized kinetically as only a few points are available, hence only the parameters for the second 
phase are given in Table 4. 
 
As seen in Table 4, the kd values are very similar between pure mucin and EGCG–mucin 
complexes (except for 1% w/w). This indicates that layers formed at different EGCG concentrations 
have similar energy activation barriers during the desorption process. The energy argument is 
consistent with the formation of a monolayer (except for some loosely attached species), which, 
regardless of EGCG concentration and the adsorption mechanism (adsorption of molecular complexes 
or fusion of aggregates), shares the desorption behaviour with that of pure mucin. 
 The structure of the (mono)-layer must, however, depend on the EGCG:mucin ratio and should 
follow the values of , which we can view as a parameter of the degree of consecutiveness of the 
desorption process [57]; that is, if  = 1 desorption is a pure Poisson process, with every particle 
acting as an independent entity in parallel with its congeners; the lower the   the more desorption of 
an individual molecule depends on the prior desorption of its congeners. As can be seen in Table 4, 
desorption of mucin is a consecutive process. For pure mucin, this consecutiveness was interpreted in 
favour of molecular entanglement; whereby desorption of a mucin molecule may increase the 
probability of other physically entangled molecules being desorbed [55]. Consequently, individual 
molecules cannot be treated as fully independent entities. The ever-increasing consecutiveness of the 
desorption process with increasing EGCG:mucin ratio is suggestive of a greater level of cross-linking 
between mucin molecules mediated by EGCG. 
 
4.4 Adsorbate anisotropy revealed by adlayer birefringence  
Further evidence of structural changes induced by EGCG can be derived by removing the 
assumption that the adsorbed mucin layer is isotropic. By considering the layer to have uniaxial 
birefringence, the birefringence can be determined by making an additional assumption regarding the 
average refractive index of the layer ?̅?A, as previously applied to pure mucin [28]. In the present case 
we again assume ?̅?A = 1.42. The result for the EGCG–mucin complexes is shown in Figure 4 
(representing the amount of adsorbed material by the optical path  𝛿 = (𝑛A − 𝑛C)𝑑A ). 
Uniaxial birefringence is characteristic for layers formed by intra-molecular anisotropic species, 
such as surfactants [58] and proteins with domain organisation [59]. If it is assumed that the 
individual mucin molecules are too unstructured to be intra-molecularly anisotropic, such as is the 
case with surfactant molecules, the observed uniaxial birefringence must originate from asymmetry of 
the adsorbed layer. This is plausible considering that the non-glycosylated domains are tightly 
adsorbed to the substrate, whilst the highly hydrated glycosylated regions dominate the interface 
between the adlayer and the bulk of the solution [29, 30]. When the birefringence is positive (by 
convention meaning ne > no) the molecular arrangement is predominantly columnar; if the 
birefringence is negative (by convention meaning ne < no) the molecular arrangement is 
predominantly lamellar, which in the case of mucin indicates that the long axis of the dumbbell is 
parallel to the plane of the substratum [60, 61]. 
According to the data (Figure 3), in the absence of EGCG (see [28]), or at very low EGCG 
concentrations (0.01% w/w), a lamellar deposit occurs, removable without hysteresis upon dilution of 
the system with a great excess of mucin-free solvent. The addition of 0.1% EGCG only slightly 
changes the birefringence during adsorption — the deposits become similarly lamellar as the adlayer 
builds up, but upon dilution of the mucin the lamellicity remains until almost all the mucin is 
desorbed. At 0.5 wt% EGCG the initial deposit is columnar in character, which is likely to be due to a 
more isotropic internal structure of the EGCG–mucin complexes with less stratification between 
glycosylated and non-glycosylated domains, making the layer to appear columnar. As the layer builds 
up it becomes more isotropic, presumably due to reduction in the available area for the EGCG–mucin 
complex to unfold, and therefore expose its domains structure. Upon desorption, the deposit tends to 
become lamellar, implying substantial rearrangement. At the highest EGCG:mucin ratio this tendency 
is even more pronounced, such that the layer never becomes lamellar, and upon dilution reverts to its 
initial columnar state. 
 
Figure 5 shows the dependency of the maximum layer thickness and birefringence at the point of 
layer’s maximum thickness on the concentration of EGCG. The linear scaling of the thickness 
strongly agrees with the predictions of equation (3), while the decrease in birefringence strongly 
indicates that the surface rearrangement becomes less pronounced and aggregates tend to spread less 
on the surface.  
 
5 Concluding remarks 
Fluid-like aggregates form in the presence of a large molar excess of the polyphenol EGCG. Their 
size in the bulk solutions show only a weak dependence on EGCG:mucin ratio, and even at highest 
concentrations of EGCG they co-exist with non-aggregated molecular complexes. The aggregates lose 
their individual integrity upon adsorption. During the adsorption–desorption process a prominent 
hysteresis of birefringence is observed, indicating a complex structural evolution in which the EGCG–
mucin molecular complexes constituting the film are highly constrained by their congeners. The 
intensification of these features with increasing excess of EGCG mimics the increase of mucin 
concentration in an EGCG-free system [28].  
 These findings have important repercussion on the behaviour of mucin-polyphenol aggregates and 
their adsorption on food particles as well as bacteria. The increase in adsorbed mass may promote 
delayed digestion of macronutrients, as well as make it more difficult for bacteria to diffuse through 
mucus. Further research should focus on understanding adsorption mechanism on biological 
substrates such as bacteria, food particles, and epithelium. 
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 Figure 1: The adsorption and desorption of EGCG–mucin mixtures: typical results from OWLS 
experiments (cf. §2.3). Mucin concentration was 0.1% w/w (ca 1.8 μM) with the EGCG concentration 
given as % w/w (inset). The highest value corresponds to a concentration of approximately 22 mM, at 
which the molar EGCG:mucin ratio is 12 000. 
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Figure 2: Typical atomic force micrographs of adsorbed of EGCG–mucin mixtures (A) and the 
corresponding size distribution histograms (B). From left to right: zero, 0.05 and 0.1% w/w (top row), 
and 0.3, 0.5 and 1% w/w EGCG dissolved in 0.1% w/w mucin in water (bottom row). All images are 
5 x 5 m contour plots with relative heights ranging from −6.5 nm (dark) to 13 nm (bright). The 
heights are scaled relative to the statistical average across the whole image. 
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Figure 3: (A) intensity autocorrelation functions (left) and corresponding size distribution plot 
(scattering angle 90) of three representative EGCG–mucin mixtures (the concentrations of EGCG are 
given in weight percent). (B) Hydrodynamic (DLS) and AFM radii versus EGCG concentration.  
 
  
 Figure 4: Birefringence (expressed as the ordinary refractive index minus the extraordinary refractive 
index) plotted against the optical path. Mucin concentration was 0.1% w/w and the different EGCG 
concentrations are also given in % w/w. The arrows (dashed lines) indicate the adsorption and 
desorption branches. The large symbols indicate the data points used to extract the values of  𝑑A
max. 
 
 
Figure 5: The birefringence and the adsorbed thickness values at the maximum adsorption saturation 
plotted against the EGCG concentration. The mucin concentration was 0.1% w/w. The lines are given 
to guide the eye, and highlight the linear dependency of 𝑑A
max on EGCG concentration. 
Table 1: Adsorption parameters directly read off the adsorption–desorption curves shown in Fig. 1. 
[EGCG] (% w/w) [EGCG]/[mucin] (mol/mol) Mmax /μg cm−2 M∞ /μg cm−2 
0.0 
0.1 
0.5 
1.0 
0.0 
1220 
6100 
12200 
0.14 
0.35 
0.45 
0.78 
0.08 
0.13 
0.19 
a 
a Unstable layer 
 
 
Table 2: Adsorption parameters obtained by fitting the integrated form of eqn (2) to the data of Fig. 1. 
[EGCG]  
(% w/w) 
ka c* /mg cm-2 s-1  10-3 ka /cm s-1  10-6 
c*=cb (mucin) 
ka /cm s-1  10-6 
c*=cb (mucin + EGCG) 
(m/a)  
/μg cm−2 
0.0 
0.1 
0.5 
1.0 
1.17 ± 0.03  
3.08 ± 0.03  
5.33 ± 0.15 
20.01 ± 0.78 
0.117 ± 0.003  
0.308 ± 0.003  
0.533 ± 0.015 
2.001 ± 0.078 
0.117 ± 0.003  
0.280 ± 0.003  
0.355 ± 0.015 
1.001 ± 0.078 
0.286 ± 0.003 
0.752 ± 0.003 
0.933 ± 0.012 
1.399 ± 0.018 
 
 
Table 3: Adsorbate thickness derived from the OWLS kinetic adsorption data. 
[EGCG] (% w/w)a r (nm) 
0.0 
0.1 
0.5 
1.0 
2.0 
5.3 
6.6 
9.9 
a The mucin concentration was 0.1% w/w. 
 
 
 
Table 4: Desorption parameters (second phase) obtained by fitting eqn (4) to the data of Fig. 1. 
[EGCG] (% w/w) kd2 /s-1 2   ?̅?2 /s/10
4 
0.0 
0.1 
0.5 
1.0 
0.18 ± 0.02 
0.21± 0.02 
0.18± 0.02 
a 
0.49 ± 0.04 
0.25 ± 0.02 
0.19 ± 0.04 
a 
1.2  
11 × 105 
75 × 105 
a 
a Unstable layer 
 
